Marrion increases in [Ca 2ϩ ] i (>200 nM) can inhibit M current (Tokimasa, 1985; Marrion et al., 1991; Kirkwood and Lisman, Vollum Institute Oregon Health Sciences University 1992; Yu et al., 1994) . The maintenance of the M current recorded at resting calcium levels and the enhancement Portland, Oregon 97201-3098 of M current by a modest [Ca 2ϩ ] i rise both require ATP in the whole-cell pipette solution (Pfaffinger, 1988; Yu et al., 1994) . This suggests that calcium-dependent Summary phosphorylation may underlie both these phenomena. Single M channels display nonstationary kinetic beThe M current regulates neuronal excitability, with its havior in both rat (Stansfeld et al., 1993) and bullfrog amplitude resulting from high open probability modal (Marrion, 1993) Marrion, 1993) . In support of this, suppression carine. A kinetic model supports the proposition that of M current by agonists was found to result from the shifts in channel gating induced by calcium-dependent selective reduction of mode 2 channel activity (Marrion, phosphorylation and dephosphorylation control M 1993). current amplitude.
Introduction cium-dependent phosphorylation may promote mode 2 gating, thus producing the characteristic macroscopic The M current is a noninactivating potassium current M current relaxations. Conversely, larger increases in that is present in a large number of neuronal cell types [Ca 2ϩ ] i reduce the M current, by an increase in mode 1 (see Brown, 1988) . It is activated in the subthreshold activity that may be favored by a calcium-dependent range for action potential initiation and causes memdephosphorylation. An intracellular candidate for this brane hyperpolarization, hence decreasing cell excitresponse is the calcium/calmodulin-dependent phosability. Suppression of M current by activation of a phatase, protein phosphatase type 2B, or calcineurin variety of receptor types (Brown, 1988) results in depo- (Klee et al., 1988 ). This possibility was tested using a larization and an increase in membrane input resistance, preactivated, calcium-independent form of calcineurin making the cell more likely to fire action potentials (Ad-(CaN420), which was produced by inclusion of a stop ams et al., 1982a) . In addition, M current plays a major codon at residue 420 of rat brain calcineurin cDNA, to role in spike adaptation. For example, in frog sympayield a truncated form that lacked the autoinhibitory thetic neurons, adaptation is reduced when the M curdomain (Perrino et al., 1995) . Inclusion of CaN 420 in the rent is suppressed (Adams et al., 1982a) . Suppression whole-cell pipette solution inhibited the macroscopic M of M current by synaptic activation underlies the slow current. After obtaining sustained M channel activity in excitatory postsynaptic potential in sympathetic neuexcised inside-out patch recordings, the mechanism of rons (Adams and Brown, 1982) and may underlie seithe block of M current by CaN 420 was resolved. As prezure-generation activity in cortical neurons (Munakata dicted, the effect arose from a loss of mode 2 activity, and Akaike, 1993) .
with the action of CaN420 being reversed by addition The M current is transiently augmented in frog sympaof ATP. A kinetic model is presented that allows an thetic neurons following removal of agonist, a phenomeinterpretation of how the distribution of M channel modal non termed "over-recovery" (Pfaffinger, 1988) . Agonists gating may be affected by both phosphorylation and that suppress the M current simultaneously increase the dephosphorylation. intracellular calcium concentration ([Ca 2ϩ ]i) Marrion et al., 1991) . Chelation of this [Ca 2ϩ ] i Results rise blocks the occurrence of over-recovery (Marrion et al., 1991) , suggesting that the amplitude of the M current Effect of Dialysis of CaN420 on Macroscopic is affected by [Ca 2ϩ ] i . Modest increases in [Ca 2ϩ ] i (from M Current 50 to 150 nM), similar to that produced by the firing The M current is tonically active at potentials positive to Ϫ70 mV (Brown and Adams, 1980) . Macroscopic M of action potentials, enhance the current, while larger M current was activated by voltage clamping dissociated neurons at Ϫ38 mV and revealed by a 20 mV hyperpolarizing voltage step of 1 s duration. The amplitude of M current deactivation was estimated from the amplitude of a single exponential component fitted to the first 350 ms of the deactivation relaxation. Plotted is the mean Ϯ SEM (number of cells) of the current normalized to the amplitude observed ‫03ف‬ s after establishing whole-cell recording (0 time). Control (closed circles; n ϭ 7), CaN 420 (92 nM; open circles; n ϭ 9), CaN 420 (92 nM) with autoinhibitory peptide (75 M; multiplication signs; n ϭ 4), control with autoinhibitory peptide (75 M; open diamonds; n ϭ 6), and control with cyclosporin A (500 nM; closed diamonds; n ϭ 4). After an initial runup, control M current declined in amplitude during the 20 min of recording. An example of control M current is shown at five time points during the recording (above). Inclusion of CaN 420 inhibited the M current (p < .05, two sample t test), and this effect was blocked by calcineurin autoinhibitory peptide. An example of the effect of CaN 420 on the M current is given at five time points, to show the reduction in amplitude without a change in deactivation kinetics (below). Inclusion of the inhibitory peptide in the control whole-cell solution resulted in a larger M current with a reduced rundown (p < .1, two sample t test where marked with an asterisk), indicating a role of endogenous calcineurin in regulating the size of the M current. current can be studied in relative isolation from contamisolution inhibited the M current during the recording, far in excess of the rundown observed in control cells. nating currents by voltage clamping the neuron to a depolarized level (Ϫ38 mV), a potential at which most After 20 min of recording, the M current amplitude was inhibited by ‫%55ف‬ from that seen at 0 time (n ϭ 9; Figure other potassium currents are inactivated. The M current is then revealed by its deactivation upon applying hyper-1). The effect of CaN 420 was significantly different from control at all time points (p < .05, two sample t test). No polarizing voltage steps (Figure 1 ). The current reactivates upon restoring the membrane potential to Ϫ38 mV, effect on M current deactivation kinetics was observed. The effect of CaN 420 was blocked by adding calcineurin producing a slow increase in outward current. Within 1 min of voltage clamping the neuron at Ϫ38 mV, the M autoinhibitory peptide (75 M) to the pipette solution containing CaN420 (92 nM; Figure 1 ). The 25 amino acid current increased in amplitude. This runup was absent in cells bathed in calcium-free/manganese-replacement peptide fragment corresponds to a portion of the autoinhibitory domain of calcineurin. It has an IC50 of ‫02ف‬ M Ringer solution (data not shown), which suggests that the runup is calcium dependent. Voltage clamp of the and does not block protein phosphatase 1 or 2A and so is specific for calcineurin (Hashimoto et al., 1990 ). neuron at Ϫ38 mV causes an accumulation of intracellular calcium Marrion and Adams, Inclusion of the calcineurin inhibitory peptide in the control whole-cell pipette solution resulted in a greater 1992) owing to sustained calcium channel activation (Jones and Marks, 1989) , which can subsequently modenhancement of the M current during the first minutes of recording and a reduction in the amount of current ulate the M current. During 20 min of recording, the M current was seen to run down from this augmented lost during rundown (Figure 1; (Marrion, 1993) . Previous work has shown that the channel resides in both modes, with the amount of time spent in each varying between patches (Marrion, 1993) . The effects of patch of 4.8 ms (25% of openings) (data not shown). Runs analysis of P(o) in 500 ms time segments is shown on solutions containing the calcineurin inhibitor, cyclosporin A the right. The channel P(o) was not stationary, with time ( Figure 1 ). These findings strongly suggest that both the segment P(o) switching from high (0.4-0.6) to low size of the M current recorded under these conditions (0-0.15) during the recording (see Marrion, 1993) . After and the observed rundown result from the activation of excision of the patch into the inside-out configuration, endogenous calcineurin. Therefore, it seems likely that the M channel activity was dramatically reduced, with CaN 420 supplements the action of endogenous calshort duration events being evident only occasionally cineurin, resulting in a greater loss of macroscopic M ( Figure 3B ). All patches were excised into an isotonic current (Figure 1) . potassium solution containing 80 nM free Ca 2ϩ that Neither okadaic acid (1 M; n ϭ 9) nor microcystin lacked ATP (see Experimental Procedures). The loss of LR (200 nM; n ϭ 11), both of which inhibit protein phosmode 2 activity upon excision was observed in 13 out phatase 1 (Macintosh et al., 1990) , had any effect on of 21 patches. In general, the loss of long open time the macroscopic M current (data not shown). Thus, the M channel activity occurred within 1 min after patch effect of CaN420 is unlikely to be the result of dephosphorexcision. ylation and inactivation of inhibitor-1, and subsequent
In those patches in which mode 2 activity was lost on activation of protein phosphatase type 1 (Cohen, 1988) . patch excision, application of ATP (1 mM) to the patch It is possible that suppression of M current by agonists often restored long open time, high P(o) activity (9 out is mediated by the activation of calcineurin caused by of 13 patches). In the example shown in Figure 3 , the an increase in [Ca 2ϩ ] i . To determine whether this was patch P(o) increased to 0.27 from the estimated 0.001 the case, muscarine (10 M) was applied to voltagefirst seen after excision. Upon application of ATP, the clamped neurons dialyzed for 20 min with either control channel switched from high to low P(o) behavior and solution or this solution supplemented with either CaN 420 was quiescent for some 500 ms time segments ( Figures 4A and 4B ). After application of CaN 420 , the patch P(o) slowly decreased ( Figure 4A ) owing to a loss effect stabilized only after another 5 min. Patches were not excised directly into an ATP-containing solution beof long duration openings ( Figure 4B ). Before applying CaN 420 , the mean patch P(o) was 0.16 cause extracellular ATP suppresses macroscopic M current (Adams et al., 1982a) .
at Ϫ50 mV ( . Open state analysis indicated that this behavior was best fit by the sum of two exponentials, with short duration events (o ≈ 1.0 ms) still dominating the distribution but with ‫%02ف‬ of the M channel openings displaying mode 2 behavior ( Figure  6C , right). A partial recovery from the action of CaN420 by application of ATP was observed in 2 out of 4 patches. In summary, application of CaN420 reduced mode 2 behavior in all patches tested (10 out of 10).
Discussion
Intracellular dialysis of bullfrog sympathetic neurons with a preactivated, calcium-independent form of calcineurin (CaN 420 ) reduced the macroscopic M current, an effect blocked by inclusion of calcineurin autoinhibitory peptide. The mechanism of action of CaN420 may be to prevent runup. However, the amplitude of the M current at the end of 20 min of dialysis with CaN420 was smaller than that seen in control cells. This suggests that the M current is actually inhibited by intracellular application havior. These data suggest that the transition between gating modes is under the control of a phosphorylationdephosphorylation cycle, with high P(o) mode 2 channel was best fit by a single exponential component with a time constant compatible with mode 1 activity (o ≈ 2.2 gating being promoted by ATP addition and calcineurinmediated dephosphorylation favoring low P(o) mode 1 ms; Figure 5B , ii). Analysis of M channel P(o) showed that only very low P(o) activity remained in the presence behavior.
Analysis of macroscopic M current kinetics has indiof CaN 420 ( Figure 5B, iii) . The effect of CaN 420 was sustained and did not reverse upon removal of CaN 420 (see cated that the channel possesses multiple kinetic states (Marrion et al., 1992) . Accordingly, single-channel re- Figure 6 ).
In 8 out of 21 examples, M channel activity was unafcordings of M channel activity have indicated that closed time distributions are best fit by the sum of three fected when the patch was excised into an ATP-free solution. An example of such a patch is illustrated in exponential components (Marrion, 1993; Selyanko and Brown, 1993) , with mode 2 activity possessing two Figure 6 . Even in the absence of ATP, the channel exhibited predominantly mode 2 openings ( Figure 6A Figure 7 , the model can predict the distribution of M channel P(o) activity 0.06 in control to 0.001 in CaN 420 ; n ϭ 6). Runs analysis showed that channel behavior remaining in CaN 420 was that has been observed in cell-attached and excised patches (see also Marrion, 1993). A 10-fold increase in infrequent and of short open time ( Figure 6B, left) . Open state analysis of events remaining in CaN 420 showed that the rate constant ␣ T changes M channel behavior from predominantly mode 2 to largely mode 1 behavior. The this effect was the result of a loss of mode 2 activity, The open duration distribution was best fit by a single exponential with an open time constant of 2.2 ms. The appearance of the large peak that exceeds the exponential curve at short times arises from the method of analysis. It corresponds to the shortest events that cross the 50% threshold level being grouped together in one duration bin (see Experimental Procedures). (iii) P(o) distribution within 500 ms time segments shows that the remaining activity was only of low P(o). effect of applied CaN 420 can also be mimicked with this site to that expected for the proposed kinase (Brown and Adams, 1987; Bosma and Hille, 1989 ; Brown et model. However, two changes are required to do this: an additional 100-fold increase in the rate constant ␣ T al., 1989; Schä fer et al., 1991; Marrion, 1994) . However, myosin light chain kinase (MLCK) is a candidate for the and a 5-fold decrease in the opening rate constant for mode 1 gating. This model is likely to be an oversimplifikinase. Intracellular perfusion of bullfrog sympathetic neurons with a preactivated form of MLCK enhanced cation, but because two rate constants had to be changed to mimic the effect of CaN420, it may suggest the M current (Akasu et al., 1993) . Endogenous MLCK is present in these neurons, and its inhibition by a synthetic that multiple phosphorylation steps modulate the activity of the M channel.
peptide or wortmannin suppressed both the agonistinduced over-recovery and the M current measured at The identity of the putative kinase is not known, although it cannot be protein kinase A or C. Addition of a [Ca 2ϩ ] i of 100 nM (Akasu et al., 1993; Tokimasa et al., 1995) . cAMP derivatives or forskolin does not affect macroscopic M current in frog and rat sympathetic ganglia Approximately 50%-70% of the total rat brain calcineurin is membrane associated (Klee, 1991) , probably (Adams et al., 1982b; Brown et al., 1989) . Furthermore, activation of protein kinase C by phorbol esters or diacowing to binding to membrane-associated anchor proteins thought to target the enzyme to its substrate ylglycerol analogs inhibits the M current, an effect oppo- ) within 500 ms time segments shows that the behavior is nonstationary, with the channel switching from high to low P(o) behavior during the simulation. Distribution of P(o) in time segments shows two peaks, one at low P(o), corresponding to mode 1 behavior, and the other at higher P(o), comprising mode 2 activity. (B) In ‫%03ف‬ of cell-attached patches, M channel activity was characterized as displaying predominantly short duration behavior. Rate constants for each gating scheme were not changed. Short open duration behavior was modeled by increasing the rate constant for leaving mode 2 gating by 10-fold. This produced an open duration distribution best fit by the sum of two exponentials of identical open time constants, where now the short duration behavior dominates the distribution. Runs analysis of P(o) in 500 ms time segments shows that the channel displays predominantly low P(o) activity, with occasional sojourns to high P(o) behavior. This behavior produces largely a single peak in the P(o) distribution corresponding to mode 1 activity, with a few time segments displaying mode 2 behavior. The gating schemes used in (A) and (B) reproduce the range of M channel activity recorded in both cell-attached and excised patches (see Marrion, 1993 ). (C) The effect of calcineurin is modeled with an additional 100-fold increase in the rate constant for leaving mode 2 behavior and a 5-fold decrease in the opening rate constant for mode 1 activity. These manipulations produced channel behavior whose open duration distribution was best fit by a single exponential, corresponding to short open time activity. Runs analysis shows that patch P(o) was greatly reduced, with only low P(o) activity observed. Analysis of P(o) gave only a curtailed single peak, representing infrequent mode 1 activity. (Coghlan et al., 1995) . The association of calcineurin suggesting that ATP acts by promoting phosphorylation. The initial loss of mode 2 activity upon patch exciwith an anchor protein may regulate its ability to interact with an ion channel, as is proposed for the modulation sion into an ATP-free solution may suggest that an active phosphatase (presumably calcineurin) can also remain of AMPA/kainate channels by protein kinase A in hippocampal neurons (Rosenmund et al., 1994) . Findings from associated with the patch. The presence and activity of an associated kinase and/or phosphatase will yield the this study suggest that an enzyme(s) remains associated with the patch after excision. The recovery of mode 2 observed variation in the persistence of M channel activity after patch excision, in its recoverability upon addichannel activity following ATP application suggests that a kinase may be retained with the patch upon excision.
tion of ATP, and in the distribution of M channel modal gating behavior. This is supported by the observation that the effect of applied CaN 420 is partially reversed by applying ATP, It is tempting to postulate that agonist-induced clo-sure of M channels occurs by activation of calcineurin. excitability. Inhibition of the M current by larger increases in [Ca 2ϩ ]i (Tokimasa, 1985) , presumably the reAgonists that suppress the M current evoke a measursult of activation of calcineurin, would be expected to able rise in [Ca 2ϩ ]i in frog neurons  increase cell excitability, owing to the loss of the stabilizMarrion et al., 1991) but not in rat sympathetic neurons ing influence exerted by this current. The control of sei- (Beech et al., 1991) . Therefore, it is possible that an zure-generation activity in CNS neurons by M current increase in [Ca 2ϩ ] i activates calcineurin. Muscarinic remakes it imperative to understand the dynamic control ceptor activation closes M channels, acting through a of the amplitude of this current. diffusible second messenger in both rat (Selyanko et al., 1992) and bullfrog (Marrion, 1993) sympathetic neurons. There is conflicting evidence as to whether the effect
Experimental Procedures
of muscarine can be blocked by chelation of this intracellular calcium increase. High concentrations of intraSympathetic neurons were dissociated from adult bullfrogs and cellular BAPTA either block (Beech et al., 1991; Kirk- maintained in culture as previously described (Marrion and Adams, 1992) . Cells were used after 1-7 days in culture. Cell-attached patch wood et al., 1991) or do not block the action of agonist recordings (Hamill et al., 1981) were made using thick-walled (1.5 Marrion et al., 1991; Yu et al., mm outside diameter, 0.5 mm inside diameter) quartz electrodes 1994). Beech et al. (1991) proposed that their observa- frog neurons by some (Yu et al., 1994) but not others solution containing 90 mM KMeSO4, 20 mM KCl, 5 mM MgCl2, 0.1 (Kirkwood et al., 1991) . Recent work supports the pro- inside-out patches from rat sympathetic neurons re- Fabiato (1979) to maintain free MgCl2 at the same concentration as duced M channel P(o). This effect persisted in the abthe control solution, and the pH was set to 7.2 with KOH (1 M).
sence of applied ATP, suggesting it was not due to CaN420 was prepared in a buffer containing (final concentration) 60
either phosphorylation or dephosphorylation. This result of muscarine is to reduce mode 2 gating selectively, with KCl, 1.5 mM MgCl 2 , 1.5 mM Na 2 ATP, 5 mM Na-HEPES, 3 mM NaOH, no change in mode 1 activity (Marrion, 1993 (1989) . On the transducgrams, constructed from openings to level Ϫ1, were logarithmically tion mechanism for muscarine-induced inhibition of M-current in binned, and a square root transformation of the ordinate (number cultured rat sympathetic neurones. J. Physiol. 413, [469] [470] [471] [472] [473] [474] [475] [476] [477] [478] [479] [480] [481] [482] [483] [484] [485] [486] [487] [488] . of events per bin) was used, with the distribution being fitted by a Coghlan, V.M., Perrino, B.A., Howard, M., Langeberg, L.K., Hicks, sum of exponential probability density functions using the maxi-J.B., Gallatin, W.M., and Scott, J.D. (1995) . Association of protein mum-likelihood method. With this type of representation, peaks in kinase A and protein phosphatase 2B with a common anchoring the histogram correspond to the time constant of the exponential protein. Science 267, 108-111. (Sigworth and Sine, 1987) . Missed events were not corrected for, Cohen, P. (1988) . Protein phosphorylation and hormone action. so that any events shorter than 166 s were missed, because after Proc. R. Soc. Lond. (B) 234, 115-144. filtering they never reached the 50% threshold. These limits of resoFabiato, A., and Fabiato, F. (1979) . Calculator programs for computlution did not obviously affect determination of the shortest (2-5 ms) ing the composition of the solutions containing multiple metals and open time constant (see Marrion, 1993) . However, at the recording ligands used for experiments in skinned muscle cells. J. Physiol. bandwidth, the shortest resolvable open duration that allows an (Paris) 75, 463-505. event to cross the 50% threshold will group all those events in one duration bin. This effect gives rise to a prominent peak of extremely Hamill, O., Marty, A., Neher, E., Sakmann, B., and Sigworth, F.J. short duration in the open duration histogram (see Figures 5-7) .
(1981). Improved patch-clamp techniques for high resolution current As expected, when the number of very short duration events was recordings from cells and cell-free membrane patches. Pflü gers increased (by the action of CaN420), the size of this peak also inArch. 391, 85-100. creased. Channel P(o) was estimated as NP(o), the product of the Hashimoto, Y., Perrino, B.A., and Soderling, T.R. (1990) . Identificaopen probability multiplied by the number of channels. NP(o) was tion of an autoinhibitory domain in calcineurin. J. Biol. Chem. 265, calculated as the sum of (dwell time ϫ level number) divided by the 1924-1927. total time. N was estimated as the number of simultaneously open Horn, R. (1991) . Estimating the number of channels in patch rechannels at Ϫ30 mV (Horn, 1991) .
cordings. Biophys. J. 60, 433-439. M channels were modeled using CSIM (Axon Instruments), with rate constants derived from analysis of M channel open and closed Jones, S.W., and Marks, T.N. (1989) . Calcium currents in bull-frog sympathetic neurons. I. Activation kinetics and pharmacology. J. time distributions. The rate constants for the transition between modes were estimated from the mean duration of high and low P(o) Gen. Physiol. 94, [151] [152] [153] [154] [155] [156] [157] [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] . activity observed in 500 ms time segments. Kirkwood, A., and Lisman, J.E. (1992) . Action potentials produce a long-term enhancement of M-current in frog sympathetic ganglion.
